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I I n  t h e  las t  two q u a r t e r s  w e  repor ted  t h e  spectra of 

I d i v a l e n t  i r o n  and coba l t  i n  Gap, GaAs and s e v e r a l  1 1 - V I  compounds. 

W e  i nd ica t ed  t h a t  t hese  s p e c t r a  can be i n t e r p e t e d  on t h e  b a s i s  of  

c r y s t a l  f i e l d  theory.  I n  t h i s  q u a r t e r  w e  i n v e s t i g a t e d  t h e  photo- 

electrical  and o p t i c a l  p r o p e r t i e s  of GaP w i t h  Unf i l l ed  c o b a l t  or i r o n  

l e v e l s .  The amount of i r o n  and c o b a l t  which was introduced i n t o  t h e  

sample was much h igher  t han  the number of shallow donors p re sen t  i n  t h e  

sample, t hus  w e  have t r i v a l e n t  i r o n  and c o b a l t  i n  Gap. 

1. Photoconduct iv i ty  of GaP Containing T r i v a l e n t  Co and Fe I m p u r i t i e s  

Two of t h e  s a m p l e s  were prepared from an n-type s i n g l e  

-3 2 
c r y s t a l  of GaP i n  which n = 5 ~ 1 0 ’ ~  c m  and IJI = 120 cm /vol t - sec  a t  

0 
room temperature.  Cobal t  w a s  in t roduced by d i f f u s i o n  a t  1300 C f o r  

24 hours  which gave an impuri ty  concentrat ion’  of approximately 10l8 cm 
-3 

i n  sample no. C2. I r o n  was introduced by d i f f u s i o n  under t he  same 

c o n d i t i o n s  i n  sample no. F1. (We b e l i e v e  t h e  i m p l r i t y  concen t r a t ion  i n  

t h i s  sample i s  a l s o  about 1 0  c m  . ) .  Sample no. C 1  w a s  prepared 
18 -3 

from material suppl ied  by D. H. Loescher and conta ined  approximately 

1 ~ 1 0 ’ ~  cm-3 c o b a l t  impur i ty  atoms. A l l  samples were p- type  a f te r  t h e  

i n t r o d u c t i o n  of impur i t i e s .  Contacts  were appl ied  a t  e i t h e r  end of 

a rod-type sample by a l l o y i n g t h i n  evaporated l a y e r s  of 98 gold-2 z i n c  

a t  500 C i n  forming gas. E l e c t r i c a l  tests i n d i c a t e d  t h a t  t h e  c o n t a c t s  
0 
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were ohmic, although a s m a l l  pho tovo l t a i c  e f fec t  appeared under  

i l l umina t ion .  I l l umina t ion  was from a tungs ten  lamp and photo- 

c u r r e n t s  were measured by a dc method. The measured pho tocur ren t s  

were co r rec t ed  by s u b t r a c t i n g  out  t h e  p a r t  due t o  pho tovo l t a i c  e f f e c t  

under ze ro  appl ied vol tage .  

Measurements were made as a f u n c t i o n  of  temperature  

under cons t an t  i l l u m i n a t i o n  and a t  a f i x e d  b i a s .  I n  a l l  cases, t he  

photocurren t ,  i = t o t a l  c u r r e n t  - d a r k  c u r r e n t  - pho tovo l t a i c  

c u r r e n t  , sa tu ra t ed  a t  e leva ted  temperatures  bu t  decreased w i t h  d e -  

c r eas ing  temperature  and f i n a l l y  s a t u r a t e d  aga in  a t  low temperatures .  

T h e  d a t a  f o r  t h e  two GaP:Co samples a re  shown i n  Fig.  1 and t h o s e  

f o r  t he  s i n g l e  GaP:Fe sample i n  Fig.  2 .  I n  each case, k n  i i s  

p l o t t e d  versus  10 /T. S i m i l a r  behavior  w a s  observed when t h e  i l l u m i -  

n a t i o n  was passed through a s i l i c o n  f i l t e r  t h u s  e l i m i n a t i n g  a l l  

photons having ene rg ie s  g r e a t e r  than  1 eV. S ince  t h e  band gap of 

GaP i s  2.3 e V ,  t h i s  r e s u l t  i n d i c a t e s  t h a t  o n l y  ho le s  are r e spons ib l e  

f o r  t h e  observed photoconduct ivi ty .  The s p e c t r a l  d i s t r i b u t i o n  of 

photoresponse a t  room temperatures  for sample no. C 2  i s  presented  i n  

Fig.  3. This  d i s t r i b u t i o n  i s  not  co r rec t ed  Br v a r i a t i o n s  i n  t h e  

number of photons which f a l l  on t h e  sample nor  f o r  v a r i a t i o n s  i n  t h e  

number of photons which are absorbed. 

PC 

PC 
3 

We expect t h e  Fermi l e v e l  t o  be below t h e  impur i ty  

acceptor  l e v e l  s i n c e  our  o p t i c a l  t r ansmiss ion  measurements f a i l e d  t o  

show a d7  conf igura t ion  i n  GaP:Co o r  a d6  c o n f i g u r a t i o n  i n  GaP:Fe. 

Furthermore,  we a r e  c e r t a i n l y  d e a l i n g  w i t h  u n f i l l e d  deep acceptor  

l e v e l s  s i n c e  Co and Fe  impur i ty  concen t r a t ions  of 1017 t o  10 c m  
18 -3 
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are much g r e a t e r  than t h e  r e s i d u a l  concen t r a t ion  of shal low donors 

i n  our GaP c r y s t a l s .  These d a t a  and arguments suppor t  t h e  conclusion 

t h a t  t h e  photocurrent  i s  caused by t h e  c r e a t i o n  of  f r e e  h o l e s  by e x i t a -  

t i o n  of e l e c t r o n s  f r o m  d i f f e r e n t  dep ths  i n  t h e  valence band t o  u n f i l l e d  

acceptor  l e v e l s .  The peaks of t h e  photoresponse are probably connected 

w i t h  a h igher  absorp t ion  of photons thus  producing a l a r g e r  number of 

free holes .  T h i s  problem w i l l  be d iscussed  i n  s e c t i o n  two. 

4 n dark c u r r e n t s  (i i s  p ropor t iona l  t o  r e s i s t i v i t y )  

are p l o t t e d  as a f u n c t i o n  of 10 /T i n  Fig.  4 f o r  a l l  our  samples. The 

s l o p e s  of t h e  s t r a i g h t  l i n e s  give the  approximate p o s i t i o n  of t h e  

Fermi l e v e l .  These s l o p e s  are g r e a t e r  t han  the  s t r a i g h t  l i ne  p o r t i o n s  of t h e  

curves  presented i n  F igs .  1 and 2. I n  o r d e r  t o  exp la in  o u r  experimental  

r e s u l t s ,  w e  adopt t h e  fo l lowing  model. 

dark  
3 

Under thermal equi l ibr ium both ion ized  accep to r  c e n t e r s  
- - 

Nao and non-ionized acceptor  c e n t e r s  (N 

i s  t h e  number of c o b a l t  or i r o n  i m p u r i t i e s .  The number of ion ized  

acceptors  qao i s  approximately equal  t o  t h e  number of ion ized  shallow 

donors and is  much sma l l e r  than t h e  number of non-ionized aceeptors .  

T h i s  imp l i e s  t h a t  t h e  Fermi l e v e l  i s  s l i g h t l y  below t h e  deep acceptor  

l e v e l .  E lec t rons  e x i t e d  from t h e  va lence  band by l i g h t  are captured  

by acceptors  i n  two ways. One i s  by t r a n s i t i o n s  of e l e c t r o n s  from 

d i f f e r e n t  p l aces  i n  t h e  valence band t o  accep to r s  wi th  emission or 

abso rp t ion  of phonons t o  conserve momentum, The o t h e r  i s  by cap tu re  

of e l e c t r o n s  which were ex i t ed  to t h e  conduction band. W e  assume 

t h a t  t h e  t r i v a l e n t  acceptors  have a very  high cap tu re  c r o s s  s e c t i o n  

f o r  e l e c t r o n s ,  t h u s  t h e  l i f e t i m e  of e l e c t r o n s  i n  t h e  conduction band 

- N ) are p resen t ,  where N a ao a 

- 
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i s  very s h o r t .  They are captured by t h e  accep to r s  almost immediately 

and t h e r e f o r e  t h e  c o n t r i b u t i o n  from t h e  presence of e l c t r o n s  i n  t h e  

conduction band t o  the  photocurren t  i s  n e g l i g i b l e .  Acceptors  which 

have captured one e l e c t r o n  are d i v a l e n t  and can  s t i l l  c a p t u r e  another  

one, but t h e  p r o b a b i l i t y  t h a t  t hey  w i l l  c a p t u r e  a ho le  i s  very  small. 

T h e r e f m e  t h e  e l e c t r o n s  w i l l  s t a y  a t  t h e  accep to r  l e v e l s  f o r  a long 

t i m e .  T h i s  leads  t o  a long  l i f e t i m e  of e l e c t r o n s  a t  t h e  acceptor  l e v e l s .  

W e  assume t h a t  t he  recombination of e l e c t r o n s  from t h e  acceptor  l e v e l s  

w i th  holes  i n  t h e  valence band i s  a d i r e c t  process  ( t h e r e  i s  no 

t r app ing  process) ,  Therefore  t h e  l i f e t i m e  of f r e e  ho le s  7 w i l l  be 

equa l  t o  t h e  l i f e t i m e  of e l e c t r o n s  a t  acceptor  l e v e l s .  T h i s  l i fe t ime 

P 

w i l l  determine t h e  photoconduct iv i ty  behavior .  

W e  f irst c a l c u l a t e  t h e  ho le  l i fe t ime 7 Since  t h e  
P' 

non-equilibrium recombination r a t e  R '  i s  p r o p o r t i o n a l  t o  t h e  t o t a l  

number of f ree  holes  p and t h e  t o t a l  number of e l e c t r o n s  captured 

by  accep to r  l e v e l  N, , w e  may w r i t e :  

R' = A N- p 
a 

where  
- 

N = N- + AN- a ao 

E - E  

kT ] = t h e  number of f i l l e d  accep to r s  
under thermal  equ i l ib r ium 

- a f  
N~~ = N~ exp t- 

N = t he  t o t a l  number of c o b a l t  o r  i r o n  c e n t e r s  

AN- = the, number of e l e c t r o n s  generated by l i g h t  

a 

from t h e  va lence  band and captured by accep to r  l e v e l s  

P = P, + AP 
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AP + p0 AN- + AN- Ap) R “io - - - 
Nao Po 

po = Nv exp (- Ep/kT) = t h e  number of ho le s  under thermal  
equ i 1 i b r i  um 

Ap = t h e  number of o p t i c a l l y  generated h o l e s  

E and E = t h e  energy of t h e  Fermi l e v e l  and t h e  energy of 
t h e  u n f i l l e d  acceptor  l e v e l s  r e s p e c t i v e l y ,  both 
measured from t h e  t o p  of t h e  valence band 

a f 

W e  have N - ‘  > p because of compensation of shal low donors by deep ao  0 

acceptors  and w e  assume t h a t  AN- = Ap. The recombination ra te  R f o r  

thermal  equi l ibr ium i s  R = A N- 

case of  weak i l l u m i n a t i o n  when Ap < po , from t h e  

of t h e  ho le  l i f e t i m e  7 

. I n  t h e  

d e f i n i t i o n  

R so t h a t  A = - 
NaoPo 
- ao ’0 J 

P ’  

- 
Because of t h e  cond i t ions  N- > po and AN- < Nao ao 

so t h a t  w e  have 

T = - NV exp (- Ef  1 
P R  

and 
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I t  i s  d i f f i c u l t  t o  e s t i m a t e  what t h e  exac t  f u n c t i o n  of 

temperature  gives  t h e  r a t i o  of t h e  d e n s i t y  of states i n  t h e  va lence  

band N; t o  t he  recombination ra te  R because R can  be e i t h e r  

r a d i a t i v e ,  non-rad ia t ive ,  or a combination of both.  Assuming t h a t  

t r a n s i t i o n s  from acceptor  l e v e l s  t o  t h e  va lence  band are r ad ia t ive ,  

w e  can c a l c u l a t e  R fo l lowing  t h e  method proposed by W. van Roosbroeck 

and W. Shockley.2 The recombination ra te  under thermal equ i l ib r ium 

i s  equa l  t o  the  gene ra t ion  ra te  f o r  each i n t e r v a l  of l i g h t  f requency 

dv  

where 

N(v) = t h e  number of photons of f requency v as 

given by  P l a n k ' s  l a w  

T(v) = [Cr(v) v 1-l = t h e  " l i f e t i m e "  of t h e  photon equal  
g 

t o  t h e  product  of an abso rp t ion  

c o e f f i c i e n t  Cy and t h e  group v e l o c i t y  

of t h e  photon i n  t h e  medium. 

To o b t a i n  t h e  t o t a l  recombination ra te  R w e  have t o  i n t e g r a t e  

ove r  a l l  values  of v. I n  t h i s  way w e  o b t a i n  

,--, 

where hv 
kT 

x = -  

CY(x) = absorp t ion  c o e f f i c i e n t  

n(x) = r e f r a c t i o n  c o e f f i c i e n t  

I 



so  t h a t  w e  have 

. 
L -  J 

N 
-v on temperature  w i l l  depend 
R The exac t  dependence of t h e  r a t i o  

on t h e  r i g h t  form of absorp t ion  c o e f f i c i e n t  CY(x) connected w i t h  

t r a n s i t i o n s  from t h e  va lence  hand t o  acceptor  l e v e l s  and how a(x)  depends 

on temperature .  The above i n t e g r a l  i s  apprec iab le  only  over  a narrow 

range  of f r equenc ie s  because of t h e  r ap id  i n c r e a s e  i n  exp (x) as v 

i n c r e a s e s ,  and because of a decrease i n  a(x) f o r  va lues  of v sma l l e r  

t han  t h a t  corresponding t o  t r a n s i t i o n s  from t h e  t o p  of t h e  va lence  

band t o  t h e  accep to r  l e v e l s .  The above c a l c u l a t i o n s  n e g l e c t  t h e  

c o n t r i b u t i o n  from non-radiat ive recombination which i f  p re sen t ,  can 

change t h e  above temperature  dependence. 

A t  t h e  p r e s e n t  t i m e  w e  can only  say  t h a t  t h e  r a t i o  

- Nv w i l l  i n c r e a s e  w i t h  decreasing temperature  g i v i n g  t h e  s l o p e  of 
R 

which is smaller than Ef. t h e  p l o t  of &n i versus  - 

agreement w i t h  our  data.  Summarizing, t h e  model which w e  have presented 

h e r e  can q u a l i t a t i v e l y  exp la in  t h e  dec rease  of pho tcu r ren t  w i t h  d e -  

c r e a s i n g  temperature  without  assuming t h e  e x i s t a n c e  o f  o t h e r  l e v e l s  

t han  those  of t h e  impur i ty  acceptor  cen te r s .  A t  low temperature  t h e  

concen t r a t ion  of thermal ly  generated ho le s  i s  very  smal l  so t h a t  under  

s u f f i c i e n t  i l l u m i n a t i o n  Ap > po . 
s t r o n g  i l l umina t ion )  7 and t h e r e f o r e  i should not  change d r a s t i c a l l y  

wi th  temperature .  Th i s  behavior was observed i n  GaP:Co s i n c e  a l l  

t h e  curves  i n  Fig.  1 become f l a t  a t  low temperatures .  F u r t h e r  v e r i -  

f i c a t i o n  of t h e  a n a l y s i s  i s  seen i n  t h i s  f i g u r e  where w e  p l o t  

Th i s  i s  i n  lo3 
PC T 

I n  t h i s  case, (as i s  t h e  case  a t  

P PC 
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&n i f o r  s a m p l e  no. C1 a t  two d i f f e r e n t  l i g h t  i n t e n s i t i e s .  Reducing 

t h e  i l l umina t ion  by  a f a c t o r  of 10 s h i f t s  t h e  th re sho ld  of s a t u r a t i o n  

PC 

t o  a lower temperature .  The l o w  temperature  s a t u r a t i o n  range  i n  t h e  

sample w i t h  i r o n  i s  appa ren t ly  below t h e  lower l i m i t  of o u r  p r e s e n t  

and &n i fo r  t h e  
da rk  PC 

measuring equipment. From t h e  s l o p e s  of &n i 

sample wi th  i r o n  w e  can e s t i m a t e  t h a t  t h e  accep to r  l e v e l  i s  around 

0.1 e V  above t h e  t o p  of  t h e  va lence  band. The r eason  f o r  s a t u r a t i o n  

of i a t  h igh  temperatures  i s  no t  obvious.  A p o s s i b l e  exp lana t ion  

i s  t h a t  t h e  assumption N- > po I n  t h i s  case t h e  

l i fe t ime 7 w i l l  be given by an express ion:  

PC 
no longer  holds .  

ao 

P 

Ef R E a  - Ef exp - + - exp 
kT Na kT 

1 R  - = -  
NV 

7 
P 

R R  

Na Nv 
Because - >  - , w i t h  i n c r e a s i n g  tempera ture ,  t h e  second t e r m  w i l l  

exceed t h e  f i r s t  one a t  some va lue  of T .  I n  t h i s  c a s e ,  because E and 

Ef a r e  very  c lose  t o  each o t h e r  t h e  i n c r e a s e  of 

can be  compensated by a dec rease  of t h e  t e r m  exp 

l i f e t i m e  w i l l  be a weak func t ion  of tempera ture  o r  even independent  

a 

R w i t h  t empera ture  

and t h e  
E a  - E f  

kT 

of temper a t  ur e. 

A dec rease  of photocurren t  w i t h  dec reas ing  tempera ture  

4 
and ZnS: Cu . I n  both cases t h e  

3 
has  been observed i n  GaAs: Cu 

exp lana t ion  was based on t h e  assumption of  t h e  e x i s t a n c e  of a d d i t i o n a l  

e l e c t r o n  t r a p s  close t o  t h e  conduct ion band. Our d a t a  i n d i c a t e  t h a t  

o n l y  h o l e s  are r e s p o n s i b l e  for photoconduct iv i ty  and t h a t  e l e c t r o n s  

e x i t e d  f r o m  the  va lence  band a r e  captured by u n f i l l e d  accep to r s  l e v e l s .  

I t  is  i n t e r e s t i n g  t o  no te  t h a t  t h i s  type  of behavior  of photoconduct iv i ty  

was observed only when t h e  Fermi l e v e l  was below accep to r  l e v e l s  formed 

- 8 -  



by t r a n s i t i o n  metal impur i t i e s .  Th i s  evidence suppor t s  ou r  

exp lana t ion  of t h i s  penomenon. The model proposed here al lows us  

t o  p r e d i c t  t h a t  w e  could expect a decrease  of photocurrent  w i t h  

dec reas ing  tempera ture  a t  some temperature  range i n  a l l  1 1 1 - V  compounds 

doped wi th  t r a n s i t i o n  metals (only if such i m p u r i t i e s  produced deep acceptor  

l e v e l s )  and i n  a l l  1 1 - V I  compounds doped wi th  chromium or copper. The 

Fermi l e v e l  must of course  be below t h e  accep to r  l e v e l .  I n  a l l  of 

these cases w e  can expect  photoconduct ivi ty  t o  be connected wi th  t h e  

c r e a t i o n  of f r e e  ho le s  and the  cap tu re  of e l e c t r o n s  i n  bonding o r b i t a l s  

of acceptor  complexes. 

2. Opt ica l  P r o p e r t i e s  of GaP Containing T r i v a l e n t  Co. 

The absorp t ion  measurements on s i n g l e  c rys t a l s  of GaP 

doped w i t h w b a l t  are repor ted  here .  The c o b a l t  was d i f f u s e d  under 

t h e  same cond i t ions  as f o r  sample no. C2. The t ransmiss ion  curves  

a t  three d i f f e r e n t  temperatures  are shown i n  Fig.  5. W e  saw no trace 

of a d conf igu ra t ion  so  w e  can conclude t h a t  w e  have t r i v a l e n t  coba l t  

c e n t e r s  i n  t h e  l a t t i ce .  Three e l e c t r o n s  are needed f o r  t h e  bonding 

( c o b a l t  s u b s t i t u t e s  f o r  gallium 1. Since  t h e  number of coba l t  c e n t e r s  

exceeds t h e  number of shal low donors,  w e  can expect  t h a t  one of t h e  

d -e l ec t rons  w i l l  be t aken  t o  the  bonding o r b i t a l s ,  t hus  l e a v i n g  a 

d conf igura t ion .  Transmission curves  taken a t  l i q u i d  helium d i d  no t  

show a characterist ic spectrum of t h e  d6 conf igu ra t ion .  

t h a t  the  d -e l ec t rons  i n  bonding o r b i t a l s  d i s t o r t  t h e  d - s h e l l  of elec- 

t r o n s  and t h a t  t h e  c rys ta l  f i e l d  model is  i n a p p l i c a b l e  t o  such complexes. 

There i s  a broad absorp t ion  ranging from 3.3 p t o  t he  abso rp t ion  

edge. Th i s  can be caused by t r a n s i t i o n s  from d i f f e r e n t  p o s i t i o n s  i n  

7 

6 

T h i s  i n d i c a t e s  
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t h e  valence band i n  k-space t o  t h e  acceptor  l e v e l s .  The i n c r e a s e  of 

absorp t ion  wi th  i n c r e a s e  ir,  l i g h t  energy can r e f l e c t  t h e  i n c r e a s e  i n  

d e n s i t y  of s t a t e s  when w e  are going deep i n t o  t h e  va lence  band. The 

peak a t  1.06 p may be caused by a t r a n s i t i o n  from t h e  L p o i n t  a t  t h e  

edge of t h e  B r i l l o u i n  zone where t h e  d e n s i t y  of s ta tes  has  a peak. 

Because t h e  coba l t  l e v e l  i s  0.4 ev above t h e  t o p  of  t h e  va lence  band, 

t h i s  assignment i n d i c a t e s  t h a t  t h e  valence band a t  t h e  L p o i n t  is  0.77 ev 

below t h e  t o p  of t h e  valence band a t  t h e  r po in t .  Th i s  i s  not  bad 

agreement w i t h  c a l c u l a t i o n s  by M. L. Cohen and T. K. B e r g s t r a s s e r 5  who 

g i v e  a 0.9 e V  value. There i s  one o t h e r  peak on t h e  broad abso rp t ion  

around 0 . 7  k. These two peaks appear a l s o  i n  a s p e c t r a l  d i s t r i b u t i o n  

of  photoconduct ivi ty  (see Fig .  3 ) .  A t  t h e  p re sen t  t i m e  w e  do n o t  

have a good explana t ion  for t h e  appearance of t h e  0.7 p peak. W e  are 

going t o  i n v e s t i g a t e  t h i s  problem during t h e  next  q u a r t e r .  
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PROJECT 2: THE PROPERTIES OF RECTIFYING JUNCTIONS I N  G a A s  P 
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S t a f f :  S.  F. Nygren* 

x 1-x 

The purpose of t h i s  p r o j e c t  i s  t o  s tudy  t h e  p repa ra t ion  

and c h a r a c t e r i z a t i o n  of  r e c t i f y i n g  junc t ions  i n  GaP and GaAs P 

I n  p a r t i c u l a r ,  w e  w i s h  t o  r e l a t e  t h e  s t r u c t u r e  of t h e  c r y s t a l s  t o  

x 1-x' 

t h e  electrical  p r o p e r t i e s  of t h e  j unc t ions .  T h i s  q u a r t e r  w e  have 

f i n i s h e d  most of ou r  s tudy  of imperfec t ions  i n  vapor grown Gap. W e  

have concluded t h a t  t h e  dominant imperfec t ions  are d i s l o c a t i o n s  and 

s t a c k i n g  f a u l t s .  We have a l s o  made pre l iminary  obse rva t ions  of t h e  

d i f f u s i o n  of z i n c  i n t o  Gap. We have found t h a t  both t y p e s  of 

imperfec t ions  appear t o  a c t  as d i f f u s i o n  s h o r t  c i r c u i t s .  

I d e n t i f i c a t i o n  of Defec ts  

A. Experiment a1 

Imperfec t ions  i n  undoped GaP c r y s t a l s  may be revea led  

by e t ch ing  va r ious  c r y s t a l l o g r a p h i c  p lanes  of t h e  c r y s t a l s  i n  

3: s u i t a b l e  so lu t ions .  When a (1101 cleavage f a c e  i s  etched i n  9 HNO 

1 HF:5 H 0 f o r  a few minutes, t h e  p a t t e r n  shown i n  Fig.  1 develops.  2 

The i r r e g u l a r  l i n e s  and s t e p s  running from t h e  s u b s t r a t e  t o  t h e  growth 

s u r f a c e  may be  d is regarded  s i n c e  they  a r e  s imply s t e p s  t h a t  i n d i c a t e  
, 

imperfec t  cleavage. The important f e a t u r e  i s  t h e  set of l i n e s  t h a t  

runs  p a r a l l e l  t o  t h e  growth sur face  of t h e  c r y s t a l .  These l i n e s  a r e  

o f t e n  seen  i n  GaP t h a t  i s  grown by vapor e p i t a x y  i n  t h i s  l abo ra to ry .  

* 
NSF Fellow 
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The oppos i t e  (111) faces of GaP are d i f f e r e n t  from 

each o t h e r  and must be e tched  d i f f e r e n t l y .  Both f a c e s  must be 

mechanical ly  pol ished i n  0.3 p g r i t  before  e t c h i n g  t o  i n s u r e  a r e l i a b l e  

etch p a t t e r n .  T h e  {111)Ga f a c e  may t h e n  be e tched  f o r  10 minutes 

a t  room temperature i n  a s o l u t i o n  of 8g K Fe  (CN) -12g  K 0 H : l O O g  H20. 

Typica l  r e s u l t s  a r e  shown i n  F ig .  2. The e t c h  p a t t e r n  c o n s i s t s  

mainly of l i n e s  and approximately t r i a n g u l a r  p i t s .  W e  have shown i n  

a previous r epor t  t h a t  t h e  l i n e s  are traces of {lll} planes.  Thus, 

t hey  must always meet a t  60 on 120 angles .  

3 6’ 

1 

0 0 

W e  no te  t h a t  t h e  c r y s t a l  may be completely o r i e n t e d  

from e i ther  the  e t c h  p i t s  or l i n e s  s i n c e  t h e  p i t s  are t r i a n g u l a r  and 

t h e  l i n e s  a r e  formed by grooves t h a t  have one w a l l  s t e e p e r  than t h e  

o t h e r .  The crystal  o r i e n t a t i o n  is  shown schematical ly  i n  F ig .  3. 

This  o r i e n t a t i o n  i s  confirmed by  using i t  t o  f i n d  one of t h e  (111) 

p lanes  t h a t  i s  i n c l i n e d  t o  t h e  su r face .  T h i s  o r i e n t a t i o n  of e tch 

p i t s  i s  i n  c o n t r a s t  t o  t h e  o r i e n t a t i o n  of e tch p i t s  i n  s i l i c o n .  

z 
Booker and S t i c k l e r  f i n d  t h a t  e t c h  p i t s  i n  s i l i c o n  form t r i a n g l e s  

whose v e r t i c e s  always poin t  i n  <211> d i r e c t i o n s .  

p i t  t r i a n g l e s  i n  Gap a lways  po in t  i n  <211> d i r e c t i o n s .  

We f i n d  t h a t  etch 
-- 

The {111)P f a c e  of GaP may be  etched i n  hot  aqua 

r eg ia .  Genera l ly  an e t c h  p a t t e r n  w i l l  appear a f t e r  about  2 minutes,  

but  cont inued e tch ing  w i l l  o f t e n  erase t h e  p a t t e r n  again.  Hot aqua 

r e g i a  a l s o  etches t h e  (111]Ga f a c e  of Gap, so when a p a t t e r n  i s  

developed on {111}P, a course  bu t  u sab le  p a t t e r n  w i l l  a l s o  be p re sen t  

on (111)Ga. Figure 4a  shows t h e  e t c h  p a t t e r n  on t h e  (111)P face of 

a t y p i c a l  GaP c r y s t a l ,  and Fig.  4 b  shows t h e  p a t t e r n  on t h e  {111}Ga 
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f a c e  of t h e  same c r y s t a l .  

s i n c e  t h e  photomicrograph of Fig. 4b was taken by simply r e focus ing  

t h e  microscope a f t e r  t a k i n g  t h e  photomicrograph of Fig.  4a. We see 

t h a t  whi le  both p i t s  and l i n e s  appear on t h e  (111)Ga f a c e ,  on ly  l i n e s  

appear on t h e  (111)P face. Also, t h e  l i n e s  on t h e  (111)Ga f a c e  

correspond e x a c t l y  t o  t h e  l i n e s  on t h e  (111)P face .  

d i sc repanc ie s  can be accounted f o r  by n o t i n g  t h a t  t h e  c rys t a l  i s  75 p 

t h i c k  and t h a t  t h e  imperfec t ions  could e a s i l y  i n t e r a c t  and change 

s l i g h t l y  i n  t h a t  th ickness .  

The two p i c t u r e s  may be compared d i r e c t l y  

A l l  apparent  

To f u r t h e r  s t u d y  d e f e c t s  i n  vapor grown Gap, a c r y s t a l  

was o r i e n t e d  according t o  t h e  e t ch  p a t t e r n  and then  was c r o s s  sec t ioned  

t o  r e v e a l  a (111)Ga p lane  t h a t  was i n c l i n e d  t o  t h e  s u r f a c e  of t h e  c r y s t a l .  

The G a A s  s u b s t r a t e  w a s  removed from t h e  GaP by e t c h i n g  so t h a t  very  l i t t l e  

o f  t h e  GaP would be removed. 

(111)Ga c r o s s  s e c t i o n  were pol ished and etched i n  t h e  (111)Ga s o l u t i o n .  

The r e s u l t i n g  etch p a t t e r n  i s  shown i n  Fig.  5. Seve ra l  f e a t u r e s  of t h i s  

p a t t e r n  are s i g n i f i c a n t .  F i r s t ,  t h i s  i s  t h e  same c r y s t a l  as i s  shown 

i n  Fig.  1. We see tha t  t h e  l i n e s  t h a t  appeared on t h e  (110) f a c e  do 

not  appear on t h e  (111)Ga cross s e c t i o n .  Hence, t h e  defect t h a t  i s  

shown i n  Fig.  1 i s  n e i t h e r  a s e t  of d i s l o c a t i o n s  (which would have 

been revea led  as etch p i t s  on (111)Ga) nor  are they  t h e  kind of 

defect t h a t  g ives  l i n e s  on {111)Ga. MacKenna3 shows s i m i l a r  e t c h  

p a t t e r n s  i n  s i l i c o n  and a t t r i b u t e s  them t o  impur i ty  seg rega t ion .  

W e  might have t h e  same e f f e c t  h e r e .  

Then t h e  {111)Ga growth s u r f a c e  and t h e  

Another important f e a t u r e  i s  t h e  i n t e r a c t i o n  of t h e  

l i n e s .  They o f t e n  i n t e r s e c t ,  and then  only  one w i l l  proceed onward. 
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L a s t l y ,  w e  no te  a very high concen t r a t ion  of e t c h  p i t s  i n  t h e  

reg ion  of t h e  c r y s t a l  t h a t  was c l o s e s t  t o  t h e  s u b s t r a t e .  

work w e  have not iced t h a t  t h e  r eg ion  of  t h e  GaP overgrowth c l o s e  t o  

t h e  pe r iphe ry  of t he  seed i s  a l s o  h igh ly  d e f e c t i v e .  Hence, i f  GaP 

grown by vapor ep i t axy  i s  t o  be used f o r  e lectr ical  measurements or 

f o r  f a b r i c a t i o n  of devices ,  t h e  75 p~ c l o s e s t  t o  t h e  s u b s t r a t e  and 

t h e  1-2 mm c l o s e s t  t o  t h e  edge of t h e  overgrowth should be  d iscarded .  

I n  o t h e r  

To make a more c a r e f u l  s tudy  of t h e  i n t e r a c t i o n s  among 

t h e  c r y s t a l  d e f e c t s  t h a t  l ead  to l i n e s  i n  t h e  e t c h  p a t t e r n s ,  a GaP 

c r y s t a l  was pol ished,  e tched ,  and photographed. Next i t  w a s  lapped 

u n t i l  i t  was 25-50 p t h inne r .  Then i t  was pol i shed ,  lapped and photo- 

graphed again.  This  sequence was cont inued u n t i l  f o u r  p i c t u r e s  had 

been taken .  The i n t e r a c t i o n s  among e t c h  l i n e s  t h a t  were observed are  

shown schemat ica l ly  i n  F ig .  6. W e  see t h a t  t h e  l i n e s  may g e t  e i t h e r  

longer  or s h o r t e r  as t h e  c r y s t a l  grows t h i c k e r ,  

W e  a l s o  t r i e d  t o  use  Berg-Barre t t  x-ray topography 

t o  h e l p  i d e n t i f y  t h e  c r y s t a l  d e f e c t s .  I n  t h i s  technique,  t h e  c rys ta l  

i s  o r i en ted  s o  t h a t  an  i n c i d e n t  x-ray beam s t r i k e s  t h e  c r y s t a l  a t  t h e  

Bragg angle.  The beam is then  r e f l e c t e d  from t h e  s u r f a c e  of t h e  

c rys t a l  and used t o  expose a photographic  p l a t e .  W e  used a scanning 

topographic  camera manufactured by C r y s t a l l o g e n i c s  Incorpora ted .  I t  

i s  designed s o  t h a t  t h e  c rys t a l  moves back and f o r t h  under  t h e  x-ray 

beam i n  such a way t h a t  an image of t h e  e n t i r e  c r y s t a l  i s  mapped on to  

t h e  photographic p l a t e .  F igure  7 shows a t y p i c a l  r e s u l t .  The 

r a d i a t i o n  was Cu Ka a t  36 Kv and 4 ma; t h e  f i l m  was I l f o r d  Nuclear  

Research P l a t e ,  type L-4, 50 p~ emulsion; exposure t i m e  w a s  1.5 hours.  

1 
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If t h e  c r y s t a l  were p e r f e c t ,  t h e  f i l m  would be uniformly exposed. Any 

l i g h t e r  shadings,  then ,  represent  c r y s t a l  d e f e c t s  t h a t  a r e  wi th in  a few 

microns of t h e  s u r f a c e  ( s i n c e  t h e  x-ray p e n e t r a t i o n  i s  only  t h a t  

deep). The f a c t  t h a t  on ly  p a r t  of t he  c r y s t a l  i s  i n  c o n t r a s t  i n d i c a t e s  

t h a t  t h e  c r y s t a l  i s  s l i g h t l y  warped so t h a t  t h e  Bragg r e f l e c t i o n  c r i -  

t e r i o n  cannot be m e t  f o r  t h e  e n t i r e  c r y s t a l  a t  once. The w h i t e  spo t  

s l i g h t l y  above t h e  c e n t e r  of t h e  c r y s t a l  i s  a g ross  imperfec t ion ,  

poss ib ly  a p o l y c r y s t a l l i n e  inc lus ion .  The curved whi te  l i n e s  running 

i n  random d i r e c t i o n s  are s c r a t c h  marks. The whi te  l i n e s  running i n  

< 110 > d i r e c t i o n s  r ep resen t  de fec t s  t h a t  are p a r a l l e l  t o  (111) planes.  

These d e f e c t s  are so  numerous t h a t  h igh  r e s o l u t i o n  and f u r t h e r  i d e n t i -  

f i c a t i o n  are impossible .  

B. Discuss ion  

t o  p o i n t s  where 

w e  can i d e n t i f y  

There is l i t t l e  doubt t h a t  t h e  etch p i t s  correspond 

d i s l o c a t i o n s  emerge from t h e  c rys ta l .  Furthermore,  

t h e  e t c h  l ines  as corresponding t o  s t ack ing  f a u l t s .  

However, w e  need t o  s u b s t a n t i a t e  t h i s .  W e  f i r s t  e l i m i n a t e  t h e  o t h e r  

p o s s i b i l i t i e s :  

1. Dis loca t ions .  I t  would seem t h a t  t h e  l i n e s  

might simply be d i s l o c a t i o n s  t h a t  are so c l o s e  t o g e t h e r  t h a t  i n d i v i d u a l  

p i t s  cannot be resolved.  However, t h e  ev idence  is  aga ins t  t h i s  i n t e r -  

p r e t a t i o n .  F i r s t ,  s i n c e  no etch p i t s  appeared on t h e  (111)P f a c e  of 

t h e  c r y s t a l  i n  F ig .  4a, w e  conclude t h a t  aqua r e g i a  does n o t  r e v e a l  

d i s l o c a t i o n s  on (111)P. Aqua r e g i a  does r e v e a l  l i n e s ;  hence, t h e  

l i n e s  must n o t  correspond t o  d i s l o c a t i o n s .  Second, a l a r g e  amount of 

p l a s t i c  deformation would be  expected t o  r e s u l t  i n  c l u s t e r s  of 
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d i s l o c a t i o n s ,  not s i n g l e  s t r a i g h t  l i n e s .  We have seen  c l u s t e r s  of 

e t c h  p i t s  as dense  as  3x10 c m  , and t h e  p i t s  d i d  no t  l i e  i n  p e r f e c t l y  

s t r a i g h t  l i n e s .  

7 -2 

2. Simple twinning. T h i s  is imposs ib le .  A twin 

cannot end i n  t h e  middle of a c r y s t a l ;  i t  must go a l l  t h e  way through 

t h e  c rys ta l .  Figure 2 shows many l i n e s  which s t o p  i n  t h e  middle of 

t h e  c r y s t a l .  

3.  Micro-twins (an even number of twins spaced 

on ly  a few atom l a y e r s  apa r t ) .  There i s  no d i r e c t  experimental  evidence 

except  e l e c t r o n  microscopy t h a t  can r u l e  out  micro-twinning. Neverthe- 

less, w e  e l imina te  t h i s  p o s s i b i l i t y  because o u r  experimental  da ta  i s  

completely cons i s t en t  w i th  t h e  model f o r  s t a c k i n g  f a u l t s  which i s  g iven  

below. 

S tacking  f a u l t s  have been found and unambiguously 

i d e n t i f i e d  i n  s i l i c o n  e p i t a x i a l  layers. We sha l l  fo l low t h e  t rea t -  

ment given by Booker and S t i c k l e r '  i n  d e s c r i b i n g  how s t a c k i n g  f a u l t s  

are formed. 

When GaP grows i n  a (111}Ga d i r e c t i o n ,  t h e  va r ious  

atmic l aye r s  may be  labe led  aa 'bb  'cc' aa 'bb'  cc' . . . , where t h e  un- 

p r i m e d  l a y e r s  c o n s i s t  of phosphorus atoms, and t h e  primed l a y e r s  are 

ga l l ium atoms. The l a y e r s  i n  a p e r f e c t  c rys t a l  are b u i l t  up i n  a 

r egu la r ,  r e p e t i t i v e  sequence. 

l a y e r s  always occur i n  pairs. Hence, i t  i s  s u f f i c i e n t  t o  c o n s i d e r  a 

s t a c k i n g  sequence abc abc . . . W e  assume t h a t  vapor depos i ted  l a y e r s  

are formed by t h e  nuc lea t ion  and two dimensional  growth process .  As 

a s p e c i f i c  example, l e t  the top  l a y e r  of t h e  s e e d  be an a layer .  

Hornstra4 has demonstrated t h a t  t h e  

11 (' 
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Then t h e r e  are two ways t h e  f i r s t  e p i t a x i a l  l a y e r  may form; i t  may be 

e i t h e r  a b or a c l aye r .  I f  t h e  overgrowth i s  p e r f e c t ,  t h e  f i r s t  

l a y e r  w i l l  be a "b" layer. This  w i l l  be followed by cabcabc ... . 
I n  t h i s  way a p e r f e c t  z incblende l a t t i c e  of GaP w i l l  be b u i l t  up. 

Suppose, however, t h a t  t h e  f i r s t  l a y e r  of t h e  overgrowth is  not  

p e r f e c t .  L e t  t h e r e  be s e v e r a l  nuc lea t ion  po in t s .  Assume t h a t  most 

I 1  I 1  I t  I t  

r eg ions  have nuc lea ted  as "b" l ayers  but  t h a t  one has  nucleated as a 

I 1  I 1  c l aye r .  When t h e  f i r s t  l aye r  is  completed, these reg ions  have 

grown toge the r ,  and t h e  r eg ion  of l tcl t  l a y e r  i s  a s t a c k i n g  f a u l t .  

T h i s  i s  t h e  r eg ion  shown i n s i d e  t h e  t r i a n g l e  i n  Fig.  8a. Now t h e r e  

are two ways the  f a u l t  can cont inue  t o  grow. That reg ion  has  begun 

I 1  I t  as ac . I t  must resume growing i n  t h e  usua l  sequence so t h a t  t h e  

z incblende  l a t t i c e  w i l l  be formed. I t  may do t h i s  e i t h e r  as acabcabc . . . 
or as acbcabcabc ... . I n  t h e  f i r s t  case a l a y e r  ( t h e  "b" layer )  

has  been l e f t  out  and t h e  de fec t  i s  c a l l e d  an i n t r i n s i c  s t a c k i n g  

f a u l t ;  i n  t h e  second case t h e r e  is an e x t r a  l a y e r  ( the  c l a y e r )  

and t h e  f a u l t  i s  e x t r i n s i c .  A diagram of t h e  second l a y e r  of an 

i n t r i n s i c  s t ack ing  f a u l t  i s  shown i n  F ig .  8b. The d e f e c t  has 

r e t a i n e d  i t s  shape, and it has  grown s l i g h t l y  l a r g e r .  Analysis  shows 

t h a t  as succeeding layers grow, t h e  d e f e c t  w i l l  con t inue  t o  r e t a i n  i t s  

shape,  and i t s  boundaries  w i l l  propagate  up t h e  {lll) p lanes  t h a t  

are inc l ined  t o  t h e  growth plane. These boundaries  are a l s o  s t a c k i n g  

f a u l t s .  Thus, t h e  s t a c k i n g  f a u l t s  grow upward through t h e  c r y s t a l  

on (111) p l anes  as i n  F ig .  8c. 

1 

I 1  I 9  

There are seve ra l  shapes t h a t  a set of s t a c k i n g  f a u l t s  

might take .  The s imples t  form i s  t h e  case w e  have been d i scuss ing .  
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The i n t e r s e c t i o n  of t h e  i n c l i n e d  s t a c k i n g  f a u l t s  w i th  t h e  growth 

s u r f a c e  always appears  as an e q u i l a t e r a l  t r i a n g l e .  The t r i a n g l e  

grows p rogres s ive ly  b igge r  as t h e  overgrowth gets t h i c k e r .  Th i s  i s  

diagrammed i n  Fig. 9a. The t r i a n g l e  may have one co rne r  t runca ted .  

Then two p a r a l l e l  f a u l t s  (one i n t r i n s i c  and one e x t r i n s i c  t o  minimize 

s t r a i n )  grow upward through t h e  c r y s t a l ,  each c o n t i n u a l l y  g e t t i n g  

w i d e r .  These f a u l t s  may be only  30-300 A a p a r t ,  s o  they  would look 
0 

l i k e  a s i n g l e  l i n e  i n  an etch p a t t e r n  (Fig.  9b).  I f  t h e  t r i a n g l e  

has two co rne r s  t runca ted ,  i t  qu ick ly  assumes t h e  shape of a p a r a l l e l o -  

gram, and then it propagates  through t h e  c r y s t a l  w i t h  cons t an t  cross- 

s e c t i o n a l  a r e a  (Fig.  9c). If a l l  three co rne r s  of the  t r i a n g l e  are 

t runca ted ,  the t r i a n g l e  s h r i n k s  and d i sappea r s  as t h e  l a y e r  grows 

(Fig. 9d). A shape l i k e  Fig.  9e would g ive  an e t c h  p a t t e r n  t h a t  

looked l i k e  a "V" 

Stack ing  f a u l t s  t h a t  i n t e r s e c t  each o t h e r  may 

i n t e r a c t .  If both f a u l t s  are i n t r i n s i c  (or both e x t r i n s i c ) ,  t h e  

f a u l t s  w i l l  a n n i h i l a t e  each o t h e r  as i n  Fig.  10. I f  one f a u l t  i s  

i n t r i n s i c  and t h e  o t h e r  i s  e x t r i n s i c ,  t h e  c a n c e l l a t i o n  w i l l  be 

incomplete  as i n  Fig.  lob.  

A l l  of ou r  experimental  r e s u l t s  are c o n s i s t e n t  wi th  

t h i s  model. I n  t h e  f i r s t  p lace ,  our  etch p a t t e r n s  look e x a c t l y  l i k e  

those  given b y  Chu and Gavaler: t h e  groove bottom i s  rough and one 5 

wal l  of the  groove i s  s t e e p e r  t han  t h e  o the r .  [However, j u s t  as etch 

p i t s  po in t  i n  <211> d i r e c t i o n s  i n  S i  and i n  <2ii> d i r e c t i o n s  i n  Gap, 

t h e  steep s i d e  of t h e  groove i s  t h e  <2ii> s i d e  i n  S i  and t h e  <211> 

s i d e  i n  Gap.] Moreover, t h e  f a u l t s  i n  GaP l i e  on t h e  {111) p l anes  

- 8 -  
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and they  propagate  through t h e  c rys ta l .  As t h e  model sugges ts ,  there  

are no s t a c k i n g  f a u l t s  p a r a l l e l  t o  t h e  growth p lane  t h a t  are l a r g e  

enough t o  be seen  (see F i g ,  5). F igu re  2a i s  c o n s i s t e n t  w i t h  another  

f e a t u r e :  i f  t he  f a u l t s  begin  growing as s i d e s  of a t e t r ahedron ,  t hen  

no  e t c h  l i n e  can be longe r  than t i m e s  t h e  d i s t a n c e  from t h e  

s u b s t r a t e .  F i n a l l y ,  t h e  i n t e r a c t i o n s  shown i n  F ig .  6 may be explained 

i n  diagrams similar t o  F ig .  9. The f a u l t  t h a t  grows i n  l eng th  as t h e  

c r y s t a l  g e t s  t h i c k e r  may do so as i n  F ig .  l l a .  The f a u l t  t h a t  g e t s  

s h o r t e r  may do so as i n  Fig. l l b .  

N o  c lear  c u t  model has  been developed t o  exp la in  how 

s t a c k i n g  f a u l t s  are i n i t i a t e d .  I t  seems l i k e l y  t h a t  t hey  can be 

started a t  a poin t  where there i s  a damaged reg ion  i n  t h e  s u b s t r a t e  

or a t  a p o i n t  where there is  an impur i ty  (dust  on t h e  s u b s t r a t e ,  

l app ing  g r i t  on t h e  s u b s t r a t e ,  etc.). There is  l i t t l e  doubt t h a t  

s t a c k i n g  f a u l t s  are g e n e r a l l y  i n i t i a t e d  a t  the  subs t ra te /overgrowth  

i n t e r f a c e .  T h i s  model f o r  t h e  i n i t i a t i o n  of s t a c k i n g  f a u l t s  is, 

however, appa ren t ly  not  complete. I t  does not  exp la in  why there  seem 

t o  be more s t a c k i n g  f a u l t s  i n  G a A s  P a l l o y s  as t h e  pe r  cent  of 

phosphorus i s  increased .  W e  found on three t y p i c a l  samples t h a t  

x 1-x 

* t o t a l  f a u l t  area 
GaAs.84 ‘.16 had 80 c m - l  s tack ing  f a u l t s  ( volume 1, 

-1 G a A s e 7  Pe3* had 350 cm-’, and GaP had 700 c m  . The model a l s o  does 

not  g ive  any obvious reason why t h e  e t c h  l i n e s  u s u a l l y  have a 

predominant d i r e c t i o n  (see Fig.  2b) a f t e r  t h e  c r y s t a l  i s  a few 

hundred microns th i ck .  T h i s  d i r e c t i o n  is  found exper imenta l ly  t o  be 

* 
was grown by A. Majerfeld i n  t h e  same system t h a t  i s  used 

t o  grow Gap. 

- 9 -  



roughly p a r a l l e l  t o  t h e  tempera ture  g r a d i e n t  i n  t h e  c r y s t a l  growth 

fu rnace  and t o  t h e  gas  flQw d i r e c t i o n  i n  t h e  furnace .  

D i f f u s i o n  of Zinc i n t o  GaP 

A .  Experimental  

Elemental  z inc was d i f f u s e d  i n t o  an undoped sample 

of Gap. The GaP sample had been lapped smooth w i t h  #3200 g r i t  and 

measured 0.4 mm x 2.0 mm x 4.0 mm. I t  and 0.1 m g  of z i n c  were p laced  

i n s i d e  a 3 mm i n s i d e  d iameter  x 11 mm q u a r t z  t ube ,  The t u b e  was 

evacuated t o  1 x 10 mm Hg and was s e a l e d .  The ampoule was t h e n  

heated t o  1000°C for 15 minutes.  

was quenched and broken open. The (111)Ga f a c e  of t h e  sample was 

angle  lapped a t  an  ang le  of 5 and t h e  beveled f a c e  w a s  po l i shed  i n  

0.3 p g r i t .  F i n a l l y ,  t h e  sample was e tched  i n  t h e  {111}Ga s o l u t i o n  

t o  reveal both t h e  d i f f u s i o n  f r o n t  and t h e  imper fec t ions .  Photo- 

micrographs of t h e  r e s u l t i n g  e t c h  p a t t e r n s  appear  i n  F ig .  12. 

-3 

A t  t h e  end of t h a t  t i m e  t h e  ampoule 

0 

S e v e r a l  f e a t u r e s  appear  i n  t h i s  f i g u r e .  The 

i r r e g u l a r i t y  of t h e  d i f f u s i o n  f r o n t  i s  s t r i k i n g .  The ang le  of t h e  

beve l  makes every 100 p a long  t h e  c r y s t a l  s u r f a c e  i n  a d i r e c t i o n  

pe rpend icu la r  t o  t h e  d i f f u s i o n  f r o n t  correspond t o  a 10 p change i n  

depth.  Thus t h e  d i f f u s i o n  s p i k e  shown i n  t h e  h igh  magn i f i ca t ion  

photograph of  Fig. 12 has  pene t r a t ed  3.5 p f a r t h e r  i n t o  t h e  c r y s t a l  

than  h a s , t h e  rest  of t h e  d i f f u s i o n  f r o n t  i n  t h e  immediate v i c i n i t y .  

On t h e  o t h e r  hand, t h e  " i s land"  i n  t h e  p r eg ion  i n  t h e  same f i g u r e  

corresponds t o  d i f f u s i o n  t h a t  i s  3.5 p sha l lower  than  i n  t h e  sur rounding  

region.  I t  i s  c l e a r  from t h e  photomicrographs t h a t  deepe r  p e n e t r a t i o n  

t a k e s  p l a c e  i n  r eg ions  where t h e r e  are e t c h  p i t s  ( d i s l o c a t i o n s )  and 
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l i n e s  ( s t ack ing  f a u l t s ) .  We a l so  see t h a t  t h e r e  is  a double 

d i f f u s i o n  f r o n t .  The shal low f r o n t  s e p a r a t e s  a r eg ion  of ve ry  dense 

e t c h  p i t s  from a r eg ion  of a more normal d e n s i t y  of e t c h  p i t s .  The 

deeper  f r o n t  s e p a r a t e s  two regions which have d i f f e r e n t  e t ch ing  rates.  

Th i s  double f r o n t  i s  s i m i l a r  t o  t h e  one seen by B l a c k  and Jungbluth 

i n  G a A s .  They f i n d  tha t  t h e  shallower j u n c t i o n  s e p a r a t e s  p and p 

r eg ions ,  and t h e  deeper  junc t ion  s e p a r a t e s  p and n. 

B. Discuss ion  

6 

+ 

Increased  d i f f u s i o n  rates through d i s l o c a t e d  r eg ions  

i n  c r y s t a l s  are expected. Increased d i f f u s i o n  rates down s t a c k i n g  

f a u l t s  are no t  unexpected according t o  Abrahams and Buiocchi' s i n c e  

t h e  f a u l t e d  r eg ion  is e f f e c t i v e l y  a d i f f e r e n t  kind of crystal  s t r u c t u r e  

from t h e  rest of t h e  l a t t i ce .  

t h a t  z i n c  does n o t  e x h i b i t  an increased  d i f f u s i o n  ra te  a t  s t a c k i n g  

f a u l t s  i n  G a A s  P Of course, many more experiments  need t o  be 

c a r r i e d  out  be fo re  w e  can d r a w  any conclus ions  about t h e  mechanism of 

z i n c  d i f f u s i o n  nea r  imperfec t ions  i n  Gap. W e  may expec t ,  however, 

t o  f i n d  t h a t  t h e  d i f f u s i o n  cond i t ions  - temperature ,  phosphorus 

overpressure ,  doping of t h e  host c r y s t a l  - w i l l  have a s i g n i f i c a n t  

e f f e c t  on t h e  depth and p l a n a r i t y  of d i f f u s i o n .  I n  p a r t i c u l a r ,  our  

vapor deposi ted GaP c r y s t a l s  a r e  grown a t  820 C and are then  s lowly  

cooled t o  room temperature.  Thus the  vacancy concen t r a t ion  i n  a 

c rys t a l  would be i n  equi l ibr ium a t  some temperature  below 820 C.  

When w e  d i f fused  a t  1000 C, the c r y s t a l  was no t  i n  equ i l ib r ium i n  

two senses :  t h e  z i n c  was d i f f u s i n g  i n ,  and t h e  vacancy concen t r a t ion  

was not  i n  equi l ibr ium.  I t  i s  conce ivable  t h a t  w e  might have g o t t e n  

However, W i l l i a m s 8  s p e c i f i c a l l y  found 

x 1-x' 

0 

0 

0 
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d i f f e r e n t  resul ts  if w e  had prepared t h e  c rys t a l  b e f o r e  d i f f u s i o n  i n  

such a way t h a t  t h e  vacancy c o n c e n t r a t i o n  would have been i n  e q u i l i b r i u m  

a t  1000°C. I n  f ac t ,  i t  i s  no t  i nconce ivab le  t h a t  s t a c k i n g  f a u l t s  

would act as d i f f u s i o n  s h o r t  c i r c u i t s  under one set of d i f f u s i o n  

c o n d i t i o n s  and not another .  These are t h i n g s  t h a t  w i l l  have t o  be 

learned through f u r t h e r  experimentat ion.  

The heavy e t c h  p i t t i n g  i n  t h e  r e g i o n  between t h e  s u r f a c e  

and t h e  f i r s t  d i f f u s i o n  f r o n t  may b e  due t o  p r e c i p i t a t i o n  of z inc .  

W e  have observed t h a t  r eg ions  d i f f u s e d  w i t h  z i n c  become opaque. 

Furthermore, Black and Jungbluth' have demonstrated t h a t  z i n c  p r e c i -  

p i t a t e s  i n  t h e  region between t h e  s u r f a c e  and t h e  f i r s t  d i f f u s i o n  

f r o n t  i n  G a A s .  These c h a r a c t e r i s t i c s  of z i n c  d i f f u s i o n  i n  GaP w i l l ,  

of course,  a l s o  have t o  be determined by f u r t h e r  experimentat ion.  
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F igure  1: Etch  Figure  on (114 s u r f a c e  of  Gap. 
(Cleavage f a c e  e tched  i n  9 HNO : 1 HF : 5 H20) 3 



1 oofi 
Figure  2a: Etch F igure  on fll3 G a  s u r f a c e  of G a P  abou t  70p from 

s u b s t r a t e / l a y e r  i n t e r f a c e .  

zoo, 
~ 

Figu're 2b: E t c h  F igu re  on fL13 G a  s u r f a c e  of G a P  abou t  400~ from 
s u b s t r a t e / l a y e r  i n t e r f a c e .  ( P o l i s h e d  s u r f a c e  e t c h e d  i n  
8g K3Fe(CN)G : 12g KOH : l O O g  H 2 0 )  
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Figure  4a: Etch  f i g u r e  on {ill) P s u r f a c e  of Gap. 

( P o l i s h e d  s u r f a c e  e t c h e d  i n  h o t  aqua r e g i a )  
The [11$ G a  s u r f a c e  of t h i s  sample i s  shown i n  F igu re  4b. 



Figure  4b: Etch  f i g u r e  on s u r f a c e  of Gap. 
( P o l i s h e d  i n  h o t  aqua r e g i a )  
The fill] P s u r f a c e  of  t h i s  sample i s  shown i n  f i g u r e  4a. 
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Figure  7:  B e r g - B a r r e t t  x - r ay  topograph  of GaP c rys t a l .  
( 0 4 4 )  r e f l e c t i o n .  
Magn i f i ca t ion  i s  about  20X. 
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F i g u r e  8a: Comple t ion  of f i r s t  F i g u r e  8b:  Comple t ion  of  second  
l a y e r  of i n t r i n s i c  s t a c k i n g  f a u l t  l a y e r  o f  i n t r i n s i c  s t a c k i n g  f a u l t  

L a y e r ,  Type "a'' P o s i t i o n s  0 

0 

F i g u r e  8c  : S t a c  

/ 

k i n g  f a u l t s  on i n c l i n e d  {113 p l a n e s .  
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d .  

e .  

F i g u r e  9 :  Growth of v a r i o u s  s t a c k i n g  f a u l t  c o n f i g u r a t i o n s .  
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F i g u r e  l l a :  I n t e r a c t i o n s  among s t a c k i n g  f a u l t s .  
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F i g u r e  l l b :  I n t e r a c t i o n s  among s t a c k i n g  f a u l t s .  
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Figure 1 2 :  Zinc d i f f u s i o n  
f r o n t  i n  Gap. (Sample was 
ang le  lapped, po l i shed ,  and 
e t c h e d  I n  t h e  flll’) G a  s o l u t i o n . )  

LSecond Di f fus ion  Front  
F i r s t  D i f fus ion  Front  



FXOJECT 5116: DONOR IMPURITIES I N  GaP 

National Aeronautics and Space Administration 
G r a n t  NsG-555 
P r inc ipa l  Inves t iga tor :  G. L. Pearson 
S ta f f :  A. Young* 

The purpose of t h i s  pro jec t  i s  t o  s t u d y  t h e  behavior 

of shallow donors i n  gal l ium phosphide. I n  p a r t i c u l a r  S ,  Se and T e  

w i l l  be diffused i n t o  GaP t o  determine s o l u b i l i t i e s  and d i f f u s i o n  

parameters. T h i s  information w i l l  be usefu l  i n  de l inea t ing  t h e  

p rope r t i e s  of GaP doped with these  shallow donor impur i t ies .  

Radioact ive Diffusions 

High  s p e c i f i c  a c t i v i t y  (1 mc/mg) su l fur -35  has  been 

received t h i s  quarter .  The r ad io  p u r i t y  of t h i s  ma te r i a l  i s  spec i f ied  

t o  be 99 %. Chemical pur i ty ,  although unknown, i s  believed t o  be of 
+ 

t he  same order  of magnitude. After  d i l u t i o n  with non-radioactive 

s u l f u r  (5 

number of 

1 2 0 0 ~ ~  i n  

have been 

9 ' s  p u r i t y )  and preparat ion of a c a l i b r a t i o n  s tandard,  a 

d i f fus ions  were performed a t  temperatures between 1100 and 

t h e  presence of phosphorus vapor. The experimental  procedures 

1 
described i n  a previous repor t .  

The d i f f u s i o n  p r o f i l e s  and important parameters of two 

r a d i o t r a c e r  d i f fus ions  done t h i s  q u a r t e r  are given i n  Figs .  1 and 2 

and i n  Table I. The r e s u l t s  obtained f o r  t h e  d i f f u s i o n  constant  and 

s o l u b i l i t y  of s u l f u r  i n  GaP a re  summarized i n  Table 11. These r e s u l t s  

were obtained by a least-square f i t  of t he  complementary error func t ion  

t o  the  experimental points .  

* 
NSF Fellow 
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Experimental  R e s u l t s  (Diffusion)  

Seve ra l  experimental  d i f f i c u l t i e s  were d iscussed  i n  

t h e  las t  "Quarter ly  Progress  Report". 

by "wedging" du r ing  t h e  lapping of t h e  samples a f t e r  d i f f u s i o n ;  t h a t  

is, lapping  t h a t  w a s  n o t  p a r a l l e l  t o  t h e  d i f f u s i o n  f r o n t .  By s u i t a b l e  

c h o i c e  of t h e  material used f o r  t h e  rubber  pad i n  mounting t h e  samples 

t o  t h e  aluminum lapping  but ton ,  t h i s  e r r o r  has  been minimized so t h a t  

i t  i s  no longer  a major problem. 

Surf  ace D e t e r i o r a t i o n  

One was t h e  e r r o r  in t roduced  

Much more se r ious  i s  t h e  s ,urface d e t e r i o r a t i o n  of t h e  

sample. Even i n  t h e  presence of phosphorus vapor,  when s u l f u r  i s  

p resen t ,  t h e r e  is an apprec iab le  weight loss of t h e  sample du r ing  

d i f f u s i o n .  

(gall ium) face .  D i f fus ion  p r o f i l e s  are g e n e r a l l y  measured only  on 

t h e  "B" (phosphorus) face. 

The s u r f a c e  attack appears  t o  be more seve re  on t h e  "A" 

The amount of weight l o s s  i s  not  always t h e  best i n d i -  

c a t i o n  of s u r f a c e  d e t e r i o r a t i o n ,  s i n c e  t h e r e  can o f t e n  be l o c a l  redis- 

t r i b u t i o n  of t h e  sample without much weight loss.  A b e t t e r  c r i t e r i o n  

i s  direct  observa t ion  of t h e  su r face  under low power magni f ica t ion .  

S i n c e  t h e  s u r f a c e s  are pol ished wi th  Linde A befo re  d i f f u s i o n ,  i t  i s  

q u i t e  easy  t o  see s u r f a c e  i r r e g u l a r i t i e s  a f t e r  d i f f u s i o n .  

S ince  w e  have not ye t  succeeded i n  keeping s u r f a c e  

d e t e r i o r a t i o n  down t o  t h e  point  where i t  can be neglec ted  completely,  

care must be  t aken  i n  i n t e r p r e t i n g  t h e  d i f f u s i o n  p r o f i l e s .  The 

r e s u l t s  shown i n  Table  I1 a r e  for a s imple f i t  of  t h e  p r o f i l e  wi th  
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t h e  so lu t ion  f o r  a constant  source d i f f u s i o n  i n t o  a semi - in f in i t e  

sample: 

Evaporating Surf ace 

Al te rna t ive ly ,  an upper bound for t he  d i f f u s i o n  

c o e f f i c i e n t  can be obtained from t h e  so lu t ion  for a su r face  evaporat ing 

a t  a constant  veloci ty  v: 
2 

1 .  x - v t  x 4- v t  -vx + exp - e r f c  1 

2 2 f i t  D 2 f i t  
N = - NS [ e r f c  

The major e r r o r  i n  t h i s  process i s  t h e  determinat ion of t h e  v e l o c i t y  

v. I f  i t  i s  assumed t h a t  a l l  t he  loss occurs on one f ace ,  t h e  

d i f fus ion  constant i s  found t o  be seve ra l  o rders  of magnitude l a r g e r .  

However, i t  i s  known t h a t  sur face  d e t e r i o r a t i o n  i s  not equal on both 

s i d e s ;  i f  i t  i s  assumed t h a t  only one t h i r d  of t h e  t o t a l  l o s s  occurs 

* I  on t h e  lapped side (loss on the  "bad" s i d e  is  twice t h a t  on t h e  good 

s i d e " ) ,  a more reasonable assumption, t h e  d i f f u s i o n  constant  is  about 

3-4 t imes la rger .  

Constancy of Vapor Source 

Additional e r r o r  i s  present  because t h e  s u l f u r  vapor 

pressure i s  not constant  during d i f fus ion .  I n  the  last  q u a r t e r l y  

progress r epor t  i t  was noted t h a t  t h e  s u l f u r  pressure  i n  d i f fus ions  

R - 2  and R - 3  changed by a f a c t o r  of 2 or more during d i f fus ion .  A more 

accura te  ca l cu la t ion  shows t h a t  p r a c t i c a l l y  a l l  of t h e  s u l f u r  placed 

i n  t h e  ampoule was d i f fused  i n t o  t h e  sample. 
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Since  w e  are using t h e  s u l f u r  and phosphorus 

p re s su res  as t h e  d i f f u s i o n  parameters ( recal l  t h a t  a t  a f ixed  

temperature  i n  a s o l i d u s  region of a t e r n a r y  s y s t e m  there a r e  2 

degrees  of freedom) i t  i s  necessary t h a t  t h e s e  be k e p t  cons t an t  dur ing  

t h e  d i f f u s i o n .  I n  d i f f u s i o n s  AL-1 and AL-4-A, t h e  s u l f u r  p re s su re  

changed by 20% and 10% r e s p e c t i v e l y  (lower l i m i t  only).  The major 

d i f f e r e n c e s  between t h e  d i f f u s i o n s  done l a s t  q u a r t e r  and t h o s e  done 

t h i s  q u a r t e r  are t h e  l a r g e r  amounts of s u l f u r ,  smaller samples, and 

s h o r t e r  d i f f u s i o n  times - a l l  of which h e l p  t o  keep t h e  amount of 

s u l f u r  i n  t h e  sample s m a l l  compared wi th  t h e  o r i g i n a l  amount i n  t h e  

ampoule. 

Attempts t o  decrease t h e  s u l f u r  p re s su re  by inc reas ing  

t h e  s ize  of t h e  ampoule whi le  keeping t h e  t o t a l  amount of s u l f u r  

f i x e d  f a i l e d .  

w a l l s  (T = 1200 C, t = 12 h r s )  . 
Over 1/3 of t h e  sample was t r anspor t ed  t o  t h e  ampoule 

0 

ComDound Source 

I n  o rde r  t o  maintain a cons tan t  but  low s u l f u r  

p r e s s u r e  whi le  r e t a i n i n g  good su r faces ,  i t  may be necessary  t o  use a 

J 
s u l f u r  compound such as A 1  S f o r  a source.  The s u l f u r  p r e s s u r e  f o r  

a given compound i s  f ixed  by t h e  temperature ,  but t h e  p re s su re  may be 

va r i ed  by u s i n g  o t h e r  compounds. E f f e c t  of t h e  o t h e r  component of 

2 3  

t h e  s u l f u r  compound must be considered. Var i a t ion  of s o l u b i l i t y ,  etc. 

may s t i l l  be e f f e c t e d  by varying t h e  phosphorus pressure .  

Q u a r t z  F l a t s  

I t  has  been reported t h a t  good s u r f a c e s  have been 

maintained du r ing  t h e  d i f f u s i o n  of selenium and t i n  i n t o  GaAs by 
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c 

sandwiching t h e  sample between q u a r t z  p l a t e s .  4’5 T h i s  i s  a u s e f u l  

t e c h n i q u e  i n  device  f a b r i c a t i o n .  However, t h e  d i f f u s i o n  c o n d i t i o n s  

become somewhat u n c l e a r  s i n c e  t h e  close s p a c i n g  between t h e  q u a r t z  

p la te  and sample may p r e s e n t  a b a r r i e r  t o  t h e  d i f f u s a n t .  

Phosphorus was d i f f u s e d  i n t o  p- type s i l i c o n  t o  form a 

p-n j u n c t i o n .  During d i f f u s i o n ,  t h e  s i l i c o n  w a f e r  l a y  f l a t  on a 

q u a r t z  p la t form.  I t  w a s  of some i n t e r e s t  t o  compare t h e  d i f f u s i o n  

on  both sides of t h e  wafer  t o  see i f  t h e  p r e s e n c e  of t h e  p l a t f o r m  d i d ,  

i n  f a c t ,  i n h i b i t  d i f f u s i o n  from t h e  bottom s i d e .  

Shee t  r e s i s t i v i t y  and j u n c t i c n  d e p t h  measurements were 

made on t h e  two s i d e s  as s h w n  i n  T a b l e  111. The r e s u l t s  i n d i c a t e  

a h i g h e r  sheet r e s i s t i v i t y  and s h a l l o w e r  j u n c t i o n  d e p t h  from t h e  

bottom s i d e .  This  is what would b e  expected i f  t h e  k i n e t i c s  f o r  

d i f f u s i o n  were n o t  as f a v o r a b l e  because  of t h e  close s p a c i n g  between 

wafer  and p la t form.  

A d d i t i o n a l  i n f o r m a t i o n  could  be o b t a i n e d  by making 

i n c r e m e n t a l  sheet r e s i s t i v i t y  measurements of t h e  d i f f u s e d  l a y e r .  

A t  t h i s  t i m e ,  no r e s u l t s  a r e  a v a i l a b l e .  

Checks on R a d i o t r a c e r  P r o f i l e  

I t  i s  always d e s i r a b l e  when d o i n g  radiotracer d i f f u s i o n s  

t o  have an  independent  check on t h e  r e s u l t s .  Such checks i n c l u d e  a u t o -  

r a d i o g r a p h i c  s t u d i e s  t o  e n s u r e  t h a t  t h e  i m p u r i t y  r a d i a t i o n  emanates 

uni formly  from t h e  sample and n o t  from a few localized ho t  spots,  p-n 

j u n c t i o n  d e p t h  measurements, and e lectr ical  measurements on the  

d i f f u s e d  l a y e r .  
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During t h e  las t  q u a r t e r  au toradiographs  were taken a t  

. 

t h e  su r faces  of  t h e  samples as d i f fused ,  and occas iona l ly  a t  a po in t  

beneath t h e  su r face .  No g ross  inhomogenities were seen. However, 

a more c a r e f u l  s tudy  i s  necessary.  

Autoradiographs were t aken  wi th  Kodak P r o j e c t o r  S l i d e  

P l a t e s .  Good exposures were obtained w i t h  30-minute exposures f o r  

a c t i v i t i e s  of 1 . 5 ~ 1 0  counts  per minute per  square  cent imeter .  Count- 6 

i n g  e f f i c i e n c y  f o r  our  propor t iona l  coun te r  and su l fu r -35  i s  5% 

Attempts were made t o  measure t h e  f r e e  carr ier  con- 

c e n t r a t i o n  of t h e  d i f f u s e d  l a y e r  by means of a plasma minimum 

technique  which has been q u i t e  s u c c e s s f u l  i n  InAs.' N o  d i s t i n c t  

minimum was observed. I t  has  been repor ted  t h a t  t h i s  technique i s  

more d i f f i c u l t  i n  low mobi l i ty ,  high l o s s  materials such as GaP and 

p-type GaAs. 
7 

Annealing Experiments 

Seve ra l  GaP samples were annealed (without  s u l f u r )  a t  

1100 C, both i n  t h e  presence and absence of phosphorus. The purpose 

of t h e s e  experiments was t o  see  i f  any s i g n i f i c a n t  changes i n  

0 

impur i ty  concen t r a t ion  or mobi l i ty  occurred a f t e r  annea l ing  i n  t h e  

absence of any i n t e n t i o n a l l y  added impuri ty .  

Some care was taken t o  exclude copper. The q u a r t z  

ampoules were soaked i n  aqua r e g i a  and then  a 10% KCN s o l u t i o n  f o r  

s e v e r a l  hours,  r i n sed  i n  deionized water and then  methanol. The GaP 

samples were soaked i n  a w a r m  KCN s o l u t i o n  f o r  s e v e r a l  hours and then  

r in sed .  They were then  t r a n s f e r r e d  t o  t h e  ampoules wi th  a p i ece  of 

f i l t e r  paper. 
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0 The samples were annealed a t  1100 C f o r  12 hours.  

Measurements of t he  e lectr ical  p r o p e r t i e s  Of t h e s e  samples be fo re  

and a f t e r  anneal ing are shown i n  Table  IV. As expected the  sample 

annealed i n  the  presence  of phosphorus r e t a i n e d  a bet ter  su r face .  

(The e r r o r  i n  the measurement of t h e  sample annealed i n  phosphorus is  

q u i t e  l a r g e  due t o  poor con tac t  placement so no s p e c i a l  s i g n i f i c a n c e  

should be given t o  t h e  h igh  h o l e  mobil i ty . )  

The samples  b e f o r e  anneal were n-type. O h m i c  c o n t a c t s  

were made w i t h  t i n .  A f t e r  t h e  anneal ,  ohmic c o n t a c t s  were obta ined ,  

no t  w i t h  t i n ,  but w i t h  an Au-2% Zn a l l o y  (indium c o n t a c t s  were a l s o  

success fu l )  i n d i c a t i n g  t h a t  t h e  m a t e r i a l  had been converted t o  p-type. 

T h i s  conclusion was confirmed by t h e  s i g n  of t h e  H a l l  vo l tage .  Such 

t h e r m a l  conversion has  been observed i n  Ge8 and GaAs’ and i s  g e n e r a l l y  

a t t r i b u t e d  t o  copper contaminat ion - r e s i d u a l  copper not  removed by  

the  KCN t rea tment ,  copper wi th in  t h e  q u a r t z  ampoule, i n  t h e  phosphorus, 

or even i n  t h e  r i n s e  water  or methanol. 

S ince  t h e  o r i g i n a l  c r y s t a l  had an e l e c t r o n  concen t r a t ion  

-3 of 1 0 l 6  c m  

a t  least  of t h i s  order .  For d i f fused  l a y e r s  w i t h  high carr ier  

concen t r a t ion ,  thermal  conversion may not  be a s e r i o u s  problem. 

However, if Cu has a deep l e v e l ,  t h e  t o t a l  concen t r a t ion  may be much 

g r e a t e r  t h a n  10 . 

, the  t o t a l  copper  contaminat ion i n  these experiments  i s  

16 10 
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FIGURF: CAPTIONS 

Fig .  1 Di f fus ion  P r o f i l e  of  S u l f u r  i n  GaP (Dif fus ion  AL-1) 

F ig .  2 Dif fus ion  P r o f i l e  of S u l f u r  i n  GaP (Dif fus ion  AL-4-A) 
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I 

Dif fus ion  AL-1 AL-4-A 

Di f fus ion  Temp. 

Di f fus ion  T i m e  

Ampoule Volumn 

W t .  GaP (before  d i f f u s i o n )  

W t .  GaP ( a f t e r  d i f f u s i o n )  

W t .  l o s s  

% W t .  Loss 

Equiv. Sur face  L o s s  

W t .  S u l f u r  

S u l f u r  Densi ty  

S P res su re  
2 

W t .  Phosphorus 

Phosphorus Density 

P Pressure  

P P res su re  

2 

4 

Sample Thickness 

Vacuum 

1216OC 

12 hrs .  

1.39 m l .  

49.641 mg. 

47.629 mg. 

2.012 mg. 

4% 

12 CI, 

63.7 pg 

45.7 pg/ml. 

8 . 8 ~ 1 0  a t m .  -2 

1.754 mg. 

1.26 mg/ml. 

0.84 a t m .  

0.80 a t m .  

12 m i l s  

5x10 t o r r .  
-4 

1122OC 

12 h r s .  

4.3 m l .  

30.826 mg. 

29.832 mg. 

0.994 mg 

3.2% 

6.5 p 

63.7 pg 

14.7 pg/ml. 

2 . 5 ~ 1 0  a t m .  -2 

4.850 mg. 

1.13 mg/ml. 

0.7 a t m .  

0.4 a t m .  

8 m i l s  

~ x I O - ~  t o r r .  

TABLE I 

Di f fus ion  Parameters 
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~s ( cm-3) 2 D i f fus ion  Temperature D ( c m  /sec) 

AL-1 

AL-4 

1216OC 

1122OC 

-12 

-12 

1.9x10 

1 e Ox10 

20 
7 . 3 ~ 1 0  

8 ., Ox10 20 

TABLE I1 

Dif fus ion  Constant  (D) and Sur face  Concent ra t ion  (Ns) 
of S u l f u r  i n  G a l l i u m  Phosphide* 

* 
Dif fus ion  Condit ions given i n  Table I.  

S ide  Sheet R e s  i s  t i v i  t y 

Ps( sl/o 1 i 

Junc t ion  Depth 
x ( m i l s )  

UP 1.38 1.03 + 0.12 - 

0.91 + 0.12 DOWN 2.53 - 

TABLE I11 

Comparison of Di f fus ion  Parameters  f o r  S i l i c o n  Wafer on 
Quartz  Platform (Phosphorus Dif fus ion)  
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L 

- 

Before Anneal Af te r  Anneal Af te r  Anneal 
Crys t a l  DR-1 with phosphorus (no phosphorus] 

Type  ma te r i a l  N P P 

1 2  h r s  @ l l O O ° C  vacuum 5 microns 

Hal 1 Mobi li t y 97 
VH (cm2/v-sec) 

120 41 

Carrier Conc, 
( c m - 3 )  

R e s i s t i v i t y  
p (ohm-cm) 

14 
p=l.  6x10 

14 
p = 4 . 6 ~ 1 0  16 n=10 

6 112 970 

I 

TABLE I V  

E f fec t  of Annealing on E l e c t r i c a l  P rope r t i e s  of Undoped GaP 

- 11 - 



c 

I 02' 

DISTANCE BELOW SURFACE x(microns) 



IO" 

IO" 

IO" I I I I 1 I 1 1 
2 4 6 8 IO 12 14 16 
DISTANCE BELOW SURFACE x (microns) 

Fig. 2 
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